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report h.ere.the observation of the superoxide anion in the QRR on Wavenumber / cm™

a Pt t_h'n film eIe_CtrOde captured bY surface-enhanced 'nfrared Figure 1. (a) SEIRAS spectra recorded for a Pt thin film electrode 3 O

reflection absorption spectroscopy with attenuated total reflection saturated 0.1 M NaCI+ NaOH (pH 11). The reference spectrum was
(ATR—SEIRAS)3 There are two important advantages of the taken at 0.4 V before the potential sweep started. Sweep rate: 10V s
ATR—SEIRAS technique in comparison with other in situ IR (b) The potential dependence of the integrated band intensity for #@ O

techniques, for example, its much higher surface sensitivity and Stretching mode of & on Pt. The ORR is shown as the dashed line.

lack of a transport limitation for reactants. Using SEIRAS with a ith a Pt film on it on a hemispherical ZnSe crystal and by pressing
modified experimental set up, we detected the adsorbed superoxidehem against the Teflon cylindrical cell body, we formed a spectro-
anion in the ORR on Pt in an aqueous solution atspH 1. electrochemical cell (Figure S1). This modified setup provides a
The ORR is a multielectron reaction that proceeds via several good substrate for Pt and eliminates the large absorption of the Si
elementary steps. In aqueous solutions on Pt electrodes, it appeargemispherd:s We confirmed its surface sensitivity by determining

to occur in two pathways: in situ the adsorbed formate in the oxidation of methanol. Further,
(i) A “direct” four-electron reduction, wherein four electrons are by demonstrating the existence of the superoxide anion in the ORR
transferred in concert on Pt in acetonitrile solution, we obtained another clear verification
of the technique’s sensitivity and a possibility to compare the data
o, + 4H + 46 — 2H,0 (1) with those obtained in aqueous solutions. It is well-known that in
aprotic media @is reduced to @ on several surfaces in a wide
and potential rangé&-8 Due to its fairly long lifetime in acetonitril@jt
(i) A “series” pathway that involves §D; as the intermediate:  was easy to detect it by the SEIRAS technique (see Figures S2
and S3).
0, +2H" 4+ 2 — H,0,+ 2H" + 26" = 2H,0 (2) Figure 1a shows the SEIRAS spectra observed in the ORR on

Pt in NaCIQ solution at pH= 11. Buffers were not used since
A series four-electron reduction involves the transfer of two they usually specifically adsorb and affect the ORR. Solutions at
electrons to form peroxide, which, without leaving the electrode’s higher pH values can attack the Si window. A band at 100516
surface, is further reduced ta,8 with the exchange of an additional cm™! appears simultaneously with the onset of the ORR at 0.2 V.
two electrons and two protons. There are three possible first stepsFigure 1b depicts the relationship between the integrated band's
in the ORR: (i) splitting of the @O bond upon adsorption on intensity and potential. This band has the same origin as that

two Pt sites (S) in a bridge configuration, @ 2S— O* + O%; observed in aprotic solution (cf. Supporting Information), that is,
(ii) formation of the superoxide anion,,G- 2S+ e~ — O,7; and the stretching mode of the-@D bond of adsorbed 0. In addition,
(iii) simultaneous electron and proton transfep, ©2S+ (H* + the potential dependence of this band (easily seen in Figure S4)

e) — HO,. Identifying the first step would clarify the pathway of indicates that it comes from an adsorbed species rather than from
the ORR that takes place on catalytically active metal surfaces. the solution phase species. As expected, is&turated solution,
The role of the superoxide anion and the details of the reaction the IR spectra are featureless in the range of £2@MO cntl. In
mechanism on surfaces supporting a four-electron reduction 0.1 M HCIO, solution (pH= 1), no band is observed, probably
pathway still defy an unquestionable descripti@uch information due to the much shorter lifetime of,0in acid solution because of
is essential for further advances in electrocatalysis since it could its rapid protonation at low pH valués.
resolve the question of the first reaction step ond@prerequisite The stretching mode of adsorbedCand GQ?~ on metals and
for formulating the reaction mechanism on a molecular level and their oxides in the gas phase have been observed at-NaHE %13
defining the right approach for designing new electrocatalysts.  and 646-900 cnr1,10-1214 respectively. However, for molecular

A polycrystalline Pt nanofilm, deposited chemically on a Si oxygen on a Pt(111) surface, the assignments of the observed bands
wafer, served as the working electrode. By placing this Si wafer are controversial. Thus, the band at 880 cn! was assigned

7408 = J. AM. CHEM. SOC. 2006, 128, 7408—7409 10.1021/ja061246s CCC: $33.50 © 2006 American Chemical Society



COMMUNICATIONS

to the bridge-bonded peroxitfel” or superoxidé? and the lower The spectral and voltammetry data in Figure 1 and the results
frequency one (696700 cnr') was to peroxid®-17 or the peroxo of the DFT calculations led us to conclude that the ORR on Pt in
species adsorbed on surface defétWang and Andrews assigned  aqueous solutions involves the formation of @s the first reaction

the band at 930 cnt observed on Pt in isolated matrix to  step. This conclusion is supported by a lack of spectra and of
superoxide? The frequency (10051016 cni?) of the band we  reduyction current at the potentials where the ORR does not occur
observed is higher than those detected in the gas phase. Thisyng in N-saturated solutions, and by the spectra we obtained for
difference may be caused by the effect of the solvent. Compared o gneroxide anion inQeduction on Pt in acetonitrile solutions.
with the frequency of @ on Au_ in the gas phase (1.046 szo . An additional support for this finding, although not uniquely
the band for H@reported by Li and Gewirth for acid solution is specific, is the intrinsic Tafel slope for this reaction-e£20 mVv28

120 e higher (1165 cm) 2 The solvent may have similar that is a criterion for the first charge transfer slow step. Provin
effects on Pt surfaces. It was established that in the gas phase thée g P- g

frequency of the perturbed-0 stretching is 108200 cn* higher the e_xistence of t_he superoxide anioq resolves thg questio.n of_the
than that of an unperturbed oH&2 reaction pathway in the.ORR on Pt, Whlch can con§|derably S|mpI|f¥

There are several reports on the detection of the superoxide aniorthe molecular formulation of the reaction mechanism. On the basis
in electrochemical systems. These were atypical systems, and the?f the finding of the @”, we can conclude that the series reaction
results are difficult to relate to the key question of the superoxide Pathway, given by eq 2, is operative for the ORR on Pt electrodes
existence in the ORR in common situations, including the ORR at in alkaline solutions. There is no fundamental reason it should not
fuel-cell cathodegd?21.23 be operative in acid solutions. In addition, this finding resolves the

To further understand the adsorption of Con Pt surfaces, dilemma in the theoretical treatment of the ORR kinéfiend
density functional theory (DFT) calculations were undertaken to provides basic information for designing new electrocatalysts.
determine the structure and vibrational frequency for its adsorption
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